We present large-area, vertically aligned GaN n-core and p-shell structures on silicon substrates. The GaN pillars were formed by inductively coupled plasma etching of lithographically patterned n-GaN epitaxial layer. Mg-doped p-GaN shells were formed using selective overgrowth by halide vapor phase epitaxy. The diameter of the cores ranged from 250 nm to 10 lm with varying pitch. The p-shells formed truncated hexagonal pyramids with {1 101} side-facets. Room-temperature photoluminescence and Raman scattering measurements indicate strain-relaxation in the etched pillars and shells. Cross-sectional transmission electron microscopy revealed dislocation bending by 90
GaN nanorod-based core-shell structures have gained significant attention in recent years due to their potential use in various optoelectronic devices. 1 These structures have significant benefits including large active surface area, enhanced light extraction efficiency, greater carrier confinement, and reduction of detrimental polarization effects. The latter benefit arises as p-n junctions can be realized on non-polar and semipolar surfaces. GaN-based core-shell structures have been produced by a number of different techniques: (1) catalystassisted metal-organic vapor phase epitaxy (MOVPE), 2 (2) selective area epitaxy (SAE) of nanorods using MOVPE through a dielectric mask and subsequent conformal shell growth, 3, 4 and (3) combination of molecular beam epitaxy (MBE) grown n-type GaN nanowires and halide vapor phase epitaxy (HVPE) grown p-GaN conformal shells. 5 For device implementations, such structures/growth-techniques must possess the following characteristics: high-aspect ratio, large-area uniformity in dimensions and orientation, scalable fabrication and growth methods, and precise control of shell morphology, microstructure, and dopant concentration. Although SAE 6 appears to be the most promising approach in terms of achieving the desired dimensional and orientation control, it requires highly specific growth conditions leading to non-optimal material quality. 7 Alternatively, the combination of nanopatterning and plasma etching to form GaN pillars and subsequent coaxial shell growth has been attempted to alleviate the problems of SAE. 7, 8 However, only limited attempts have been made to realize individual cores-shell structures and perform detailed microstructural and material characterization.
In this letter, we demonstrated dense arrays of vertically oriented, individual GaN core-shell structures realized with a combination of top-down etching of the n-type pillars and subsequent p-shell growth using selective epitaxy. Our approach is similar to the "pendeo-epitaxy" (PE) method demonstrated by Zheleva et al. 9 However, instead of bars oriented in particular crystallographic directions, we formed pillars with different shapes and dimensions by lithography and inductively coupled plasma (ICP) etching of GaN (0001) epitaxial film grown on Si substrates by MOVPE, followed by the epitaxial growth of Mg-doped shells using HVPE. Large-area arrays of such well-defined n-core/p-shell GaN structures could find their application in light-emitting and laser diodes, photodetectors, and solar cells. Moreover, due to high growth rates, HVPE "pendeo-epitaxy" (HVPE-PE) may be advantageous compared to the traditionally used MOVPE-based PE for growing thick GaN shells with reduced dislocation density. The schematic of the GaN core-shell pillars fabrication process is detailed in Fig. 1 . Si-doped n-GaN (0001) films were grown on Si (111) substrates in a commercial MOVPE reactor. First, Al 1-x Ga x N buffer layer with varying x and thickness of %125 nm was grown on the Si substrate followed by deposition of 0.75 lm thick GaN epilayer [ Fig. 1(a) ]. GaN wafers were patterned using deep UV lithography and metal liftoff. The etch-mask used for this study was Ti/Ni (50 nm/120 nm) deposited using electronbeam evaporation. The patterned samples were then etched in an ICP system using a Cl 2 /N 2 /Ar gas mixture with flow rates of 25/5/2 standard cubic centimeters per minute (sccm). The ICP source power and RF power were set at 1000 W and 500 W, respectively. The etching time was adjusted to provide complete removal of the unmasked GaN layer with subsequent removal of about 0.5 lm of the underlying Si substrate [ Fig. 1(b) ]. After the ICP processing, the metal etch mask was removed in HF:HNO 3 :H 2 O (1:1:10) solution followed by deionized water rinse and nitrogen blow dry. GaN pillars of three different cross-sections, circles, squares, and diamonds, were formed with lateral dimensions ranging from 10 lm to 250 nm and pitches ranging from 20 lm to 0.5 lm. The edges/vertexes of the square/diamond pillars were aligned along the GaN h1 100i and h11 20i directions. Mg-doped GaN shells were epitaxially grown over the C to 1040 C and 60 k Pa (450 Torr). The GaCl x precursor gaseous species were synthesized by reacting HCl gas (6 sccm to 20 sccm) with molten Ga at 700 C. Ammonia at 200 sccm to 1500 sccm was used as the group V precursor and N 2 (5000 sccm) was the carrier gas. The Mg source for the p-type doping was biscyclopentadienyl-magnesium (Cp 2 Mg). Postgrowth activation of Mg-dopants was conducted in a rapid thermal annealing system at 750 C for 15 min in Ar. After the growth, the samples were examined using a scanning electron microscope (SEM) and transmission electron microscope (TEM). Cross-sectional TEM samples were prepared by site specific in situ lift-out methods in a focused ion beam (FIB) instrument and subsequently observed in a 300 kV TEM instrument. Room-temperature photoluminescence (PL) and Raman scattering were collected using a 325 nm He-Cd laser and a 532 nm frequency doubled Nd:YAG laser excitation sources, respectively, and a high resolution spectrometer with an 800 nm focal length.
A representative SEM image of an array of the etched GaN pillars with initial diameter of 0.75 lm and 2.5 lm pitch is shown in Fig. 2(a) . Because of etch-mask erosion, the final tip diameters of the circular and square pillars were reduced to %0.5 lm, and that of the diamond pillars to %0.44 lm, all with %80 tapering angle. The etched pillars had 0.9 lm of GaN on top of 0.5 lm of Si. angle from the horizontal indicating that they are formed by {1 101} planes (Fig. 3) . The obtained core-shell pyramids are similar to those grown by SAE through dot-patterned dielectric masks on GaN films. 10 It is well-recognized that for both PE and epitaxial lateral overgrowth (ELO) of GaN, different side facets may appear depending on growth conditions and/or shape and orientation of GaN "seeds." 10, 11 In particular, different vertical and slanted facets are observed in both MOVPE and HVPE ELO of GaN if the stripe mask patterns are aligned along the h1 100i or h11 20i direction. However, our overgrowth procedure always yielded {1 101} facets, even for the roundshaped pillars (leftmost image in Fig. 2(b) ), the squareshaped pillars with nominally etched {1 100} and {11 20} sidewalls (center image in Fig. 2(b) ), or the diamond-shaped pillars with other low-indexed sidewalls (rightmost image in Fig. 2(b) ). The evolution of {1 101} inclined facets rather than {1 100} vertical facets might have been induced by the initial tapering of the as-etched pillars. The preference for the non-vertical sidewall formation is also consistent with Ref. 12 , where GaN pillars always terminated with inclined {1 101} facets when non-hydrogen carrier gas was used in the HVPE system. The cross-sectional dark-field TEM images of the coreshell pillars are shown in Fig. 3 . Note that the growing shell extends below the original interface between GaN film and Si substrate. The growth rate appears to be higher for the bottom plane of the GaN shell than its top (0001) surface. Since no GaN was deposited on the Si substrate due to the selectivity of HVPE process, this growth enhancement is tentatively assigned to diffusion of the reactants from the Si surface toward GaN pillars. 13 It is evident from Fig. 3 that dislocations in the pillars do not propagate vertically into the shells. Most of the observed dislocations bent by 90 from their initial propagation direction when they reached the {1 101} facets and finally propagated parallel to the basal plane in the shells. Threading dislocations commonly observed in GaN are of three types: (1) edge dislocations with Burgers vector b ¼ 6 h11 20i, screw dislocations with b ¼ 6 h0001i, and mixed dislocations with b ¼ 6 h11 20i 6 h0001i. Bending of dislocations has been often observed in ELO of GaN. 14 The energy of a dislocation depends on its Burgers vector and its propagation direction, which is dictated by energy minimization. 15 For the edge dislocations, the propagation direction with minimum energy is parallel to its Burgers vector, which would correspond to a 90 bend, converting an edge dislocation into a pure screw dislocation.
The room-temperature PL spectra of the GaN epilayer, etched pillars, and overgrown shells (before and after Mg activation) are shown in Fig. 4 . For comparison, we also plotted the PL spectra from a free-standing, stress-free 3 mm thick GaN sample grown by HVPE method. For the etched pillars and the p-shells, the spectra were taken from the 10 lm diameter structures to enhance the intensity of the peaks, although the trend is similar for smaller diameter structures. At room-temperature, the near-band edge (NBE) transition observed in GaN has been attributed to band-toband recombination as well as to excitonic recombination. 16 The thin GaN epilayer clearly exhibits a tensile-strain induced 30 meV red-shift of the NBE emission peak, as compared to the bulk NBE peak. This is in agreement with reports on GaN thin-film grown on Si substrate, where the GaN is under biaxial tensile-strain. 17 The peak at 3.33 eV present in the un-etched sample has been observed in the PL spectra of GaN grown on Si, and is often attributed to the donor acceptor pair (DAP) transitions. 18, 19 The 20 meV blueshift of the NBE emission of the etched sample indicates partial strain-relaxation due to etching. Such blue-shift in PL has also been observed for etched GaN nanocolumns on Si. 20 Growth of the Mg-doped p-shell substantially changes the emission characteristics as seen in Fig. 4 , with the disappearance of the NBE peak and evolution of broad emission centered at 3.06 eV for the as-grown shell. Activation annealing of the shell at 750 C in Ar resulted in an increase in the overall intensity with the emission peak blueshifted to 3.21 eV. In MOVPE grown Mg-doped GaN, the 2.95 eV emission band is thought to be due to conduction band to deep-level (or complexes) transitions, and the 3.21 eV emission band is due to conduction band to shallow Mg acceptor level transitions. 21 This agrees well with the observed results, i.e., in the case of the as-deposited shell the Mg complexes might dominate the PL, whereas after the activation anneal the shallow acceptors dominate the transitions.
The biaxial strain in hexagonal GaN is most conveniently probed through the E 2 H phonon mode in Raman scattering, as it is most sensitive to biaxial strain in c-plane and is the most intense. 22 Fig . 5 shows the room-temperature Raman scattering spectra in the back-scattering geometry from the unetched GaN thin film, 10 lm diameter circular pillars, after p-type shell growth, and after Mg-activation anneal. For comparison, the Raman spectrum from the 3 mm thick bulk GaN is also shown. Compared to the standard value of strain-free E 2 H peak (567.6 cm
À1
), 23 the as-grown GaN on Si exhibits tensile strain, evident in the red-shifted (3.5 cm À1 ) E 2 H peak. The blue-shift (1.1 cm À1 from the unetched sample) of the E 2 H peak after plasma etching is in agreement with the PL results, indicating the partial strain relaxation due to etching. Assuming the stress coefficient for the Raman shift for the E 2 H mode for GaN on Si is 2.9 cm À1 GPa À1 , 22 we can compute a relaxation of 0.37 GPa in the 10 lm diameter pillars due to etching. Further blue shifting of the E 2 H peak due to the shell growth might be due to the compressive effect of the conformal epitaxial growth, where the GaN core is hydrostatically compressed by the shell.
We have demonstrated vertically aligned GaN coreshell structures using a combination of top-down etching and selective area shell growth on the etched pillars. As-etched pillars clearly showed strain-relaxation manifested in blueshift in both PL and Raman scattering spectra. Following the epitaxial shell overgrowth, the strain was further reduced. The cross-sectional TEM of the core-shell structures revealed reduction in dislocation density in the shells. The present structures have potential for applications as photodetectors, light-emitters, and field-emitters requiring large-area arrays of nanoscale sub-components.
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